Magnetic tunneling junctions ͑MTJs͒ with MgO tunnel barrier have been fabricated on both oriented and nonoriented buffer layers on Si͑001͒ substrate by magnetron sputtering. FeCo/ MgO / FeCo MTJs fabricated on oriented buffer layers show larger tunneling magnetoresistance ͑TMR͒ value up to 84% without high temperature postannealing, whereas those MTJs on nonoriented buffer layers show 45% of TMR. The high-resolution transmission electron microscopy images reveal an excellent morphology and very coherent crystal structure with FeCo͑001͓͒110͔ / MgO͑001͒ ϫ͓100͔ / FeCo͑001͓͒110͔ orientation. The results indicate that high TMR can be achieved without high temperature postannealing by sputtering deposition on appropriate oriented buffer layers.
Magnetic tunneling junction ͑MTJ͒ is one of important elemental spintronic devices which consists of a very thin insulating layer sandwiched by two ferromagnetic electrodes. Tunneling magnetoresistance ͑TMR͒ is the change in resistance of MTJs which depends on the relative orientation of the magnetization between two ferromagnetic layers. TMR ratio is generally defined as TMR͑%͒ = ͑R AP − R P ͒ / R P , where R AP and R P are the tunneling resistance with the antiparallel ͑AP͒ and parallel ͑P͒ magnetization alignment of the ferromagnetic electrodes, respectively. MTJs with an amorphous aluminum oxide barrier have long been the center stage for TMR research since the first discovery of relatively large TMR.
1, 2 The TMR ratio typically does exceed 70%. 3 Recently, epitaxial MTJs have attracted interest because significant enhancement in TMR is predicted due to the coherent tunneling associated with crystal coherency throughout the MTJ structure. Especially, it is predicted that the TMR can be in excess of 1000% in epitaxial Fe/ MgO / Fe MTJs. 4, 5 The key of the TMR enhancement is the huge difference between majority and minority channels of tunneling electron states. The majority spin channel conductance is dominated by slow decay ⌬ 1 state coupled through the barrier. On the other hand, the minority spin channel conductance depends only on the interfacial state. Therefore, the tunneling conductance in parallel alignment is much more dominant than the conductance in antiparallel alignment, leading to large TMR enhancement. Yuasa et al. 6 first experimentally demonstrated the enhancement of TMR as high as 230% in quality epitaxial Fe͑001͒ / MgO͑001͒ /Fe͑001͒ MTJs prepared on MgO͑001͒ substrate by molecular beam epitaxy ͑MBE͒. Parkin et al. 7 also reported ͑001͒-oriented FeCo/ MgO / FeCo MTJs prepared on Si͑001͒ substrate with natural oxide layer by magnetron sputtering and observed the TMR of 168%. Most recently, TMR of 230% has also been reported in FeCoB / MgO / FeCoB MTJs. 8 In all non-MBE-grown MTJs, the TMR enhancement can only be achieved after a high temperature postannealing ͑Ͼ300°C͒ to improve the crystalline structure. This extra process can be disadvantageous in an application point of view. In this letter, we report that it is possible to eliminate the high temperature postannealing, even in sputtering deposition, by fabricating ͑001͒-oriented FeCo/ MgO / FeCo MTJ on appropriate buffer layers. We show that high crystal coherency and significantly high TMR values can be achieved without high temperature postannealing. The films were grown on Si͑001͒ wafers at room temperature by rf and dc magnetron sputtering. In order to obtain a clean Si͑001͒ surface, Si wafers were chemically etched with a mixture of hydrofluoric acid and ammonium fluoride and then immediately loaded into the sputtering chamber. The sequence of the multilayer is Si͑001͒ / Buffer/ Fe 50 Co 50 /Mg/MgO/Fe 50 Co 50 / Cu, where the buffer layers are Py͑20͒ /Cu͑7͒ / IrMn͑15͒, Cu͑100͒ /Pt͑5͒, Cu͑100͒ /Pt͑5͒ / IrMn͑15͒, Cu͑100͒ /Pt͑30͒ / IrMn͑15͒, and Cu͑100͒ / IrMn͑15͒. The number in the parentheses denotes layer thickness in unit of nanometers. To form the tunneling barrier, we first deposited a thin Mg layer on the FeCo bottom electrode to prevent oxidation of the FeCo surface during MgO deposition. MgO was formed by reactive sputtering in a mixture of Ar and O 2 gases. Either Mg or MgO are made into wedge shape with continuous varying thickness to optimize the condition at the FeCo/ MgO interface. For example, one sample was fabricated with a wedgeshaped Mg ͑0 -1.2 nm͒ layer and a MgO layer of uniform thickness. Due to the O 2 gas presented during the reactive sputtering, there will be under-, optimized, and overoxidation at the interface. TMR typically shows maximum value in the optimum oxidation condition. More details of wedge-shaped layer technique can also be found elsewhere. 9 All the MTJs went through a field cooling process ͑ϳ170°C for 2 min͒ before the following characterizations in order to pin the magnetization in the bottom FeCo layer. All MTJs were pat- terned into a pillar structure with a diameter of 50 m by using a conventional photolithography technique. Transport measurements were preformed with a four-probe technique. The crystal structure was characterized by x-ray diffraction ͑XRD͒ and transmission electron microscopy ͑TEM͒.
In order to obtain FeCo͑001͒ orientation on Si͑001͒ wafer, we chose Cu, Pt, and IrMn as buffer layers. The calculated lattice mismatch for each interface is no more than 8.6%. 10 XRD patterns for FeCo bottom electrodes with different buffer layers are shown in Fig. 1 . All samples were postannealed at 170°C for 2 min to introduce the pinning. Except the sample ͑a͒ with Si/ Py/ Cu/ IrMn/ FeCo, all other samples show FeCo͑002͒ orientation. The nonoriented Py/ Cu/ IrMn buffer was fabricated for the purpose of comparison. Despite the considerable mismatch between each layers, for sample ͑b͒ with Si/ Cu͑100 nm͒ /Pt͑5 nm͒ / FeCo͑20 nm͒, only peaks related with ͑001͒ orientation were clearly observed. The peak at 45°is attributed to Pt͑002͒. This buffer layer can actually be a good candidate for making ͑001͒-oriented MTJ. However, an IrMn has to be inserted to obtain a magnetization pinning and usually it is better to have the IrMn layer under the bottom FM electrode than on the top electrode. We hence decided not to use this buffer layer for the MTJ growth. For sample ͑c͒ with Si/ Cu͑100 nm͒ / IrMn͑15 nm͒ / FeCo͑20 nm͒, even though Pt is replaced by IrMn, all observed peaks are still originated from ͑001͒ orientation. For sample ͑d͒ with Si/ Cu͑100 nm͒ /Pt͑5 nm͒ / IrMn͑15 nm͒ / FeCo͑20 nm͒, the FeCo͑002͒ peak slightly shifts to higher angle due to the Pt insertion. For sample ͑e͒ with Si/ Cu͑100 nm͒ /Pt͑30 nm͒ / IrMn͑15 nm͒ / FeCo͑20 nm͒, the existence of ͑111͒ orientation peaks from Pt and IrMn suggests that FeCo͑001͒ orientation may not be as good as that of sample ͑d͒ although the FeCo͑002͒ peak is still strong. When we further annealed these four types of buffer layers at 300°C, the peaks from ͑001͒ orientation were dramatically diminished, which implies that high temperature annealing is actually not effective for improving the crystalline structure. This is probably due to the relaxation of lattice strain induced by the considerable lattice mismatch between each layers. Loss of ͑001͒ orientation also deteriorates TMR value in annealed samples.
First we studied MTJs with a uniform Mg layer of 0.4 nm followed by a wedge-shaped MgO layer. Figure 2 shows TMR and resistance as functions of the nominal MgO thickness for samples with different buffer layers. All curves show a similar trend and have a peak at a certain thickness of MgO. At very thin MgO thickness ͑0-1 nm͒ no TMR was observed for all samples. As the MgO layer thickness increases, TMR first increases, reaches a maximum value, and decreases to zero eventually. On the other hand, the resistances monotonously increase with increasing MgO thickness. It is known that TMR for MgO-based MTJs sensitively depends on the interface state. 11 The reason for the TMR variation with MgO thickness is due to the oxidation of the FeCo bottom electrode at the thick MgO end and residual Mg at the FeCo/ MgO interface at thin MgO end, both reducing the TMR value. The MTJ with ͑001͒-oriented Cu/ Pt͑5 nm͒ / IrMn buffer layers has the largest TMR of 48% at 1.8 nm of MgO, whereas MTJ with nonoriented Py/ Cu/ IrMn buffer layer is 39% at 3.1 nm of MgO. Since we deposited Mg 0.4 nm layer before the MgO deposition, the total MgO thickness needs to be adjusted by adding 0.4 nm. It is interesting that, for Cu/ Pt͑30 nm͒ / IrMn/ FeCo/ Mg/ MgO͑t nm͒ / FeCo/ Cu MTJ, TMR still persists even with 4 nm MgO layer.
Next we investigated MTJs with a wedge-shaped Mg layer followed by a MgO of uniform thickness which gives rise to the maximum TMR in the first study ͑Fig. 2͒. TMR and resistance as functions of the Mg thickness are shown in Fig. 3 . TMR curve has a similar trend to that in Fig. 2 , which is again due to over-and underoxidation at the FeCo/ MgO interface. However, resistance shows a different trend from that in Fig. 2 . The resistance decreases in the region of thin Mg. This is due to the oxidation of FeCo bottom electrode, similar to what we observed in Al 2 O 3 -based MTJs with a wedge-shaped barrier. 10 The MTJ with oriented Cu/ IrMn buffer layers has the largest TMR of 84% at the Mg thickness of 0.29 nm. On the other hand, the MTJ with nonoriented Py/ Cu/ IrMn buffer layers shows only 47% at the maximum. Comparing MTJs with Cu/ Pt͑5 nm͒ / IrMn and Cu/ Pt͑30 nm͒ / IrMn buffer layers, Pt thickness effect is significant for achieving maximum TMR. This is attributed to the fact that FeCo layer on the Cu/ Pt͑30 nm͒ / IrMn buffer layer has some deviation from ͑001͒ as discussed before, leading to a lower TMR. Figure 4 shows a transmission electron micrograph for the MTJ with t Mg = 0.3 nm and t MgO = 2.4 nm on the ͑001͒-oriented Cu/ IrMn buffer layers. The low magnification image ͓Fig. 4͑a͔͒ shows an excellent morphology of the MTJ structure with relatively smooth and flat layers. High-resolution image in Fig. 4͑b͒ shows very coherent crystal structure throughout the MTJ with FeCo͑001͓͒110͔ / MgO͑001͓͒100͔ / FeCo͑001͓͒110͔ orientation. The additional IrMn layer does not disrupt the structural coherence. The high-resolution image indicates that the FeCo lattice of the top and bottom electrodes expands by 4.6% along the ͓110͔ axis compared with bulk Fe 50 Co 50 . MgO lattice is compressed 1.1% along the ͓100͔ axis compared with bulk MgO. The FeCo͓110͔ expansion and MgO͓100͔ compression make the relaxation at the interface much modest although there are some dislocations at the interface. These results are consistent with reported values in MTJs grown by MBE. 6 In summary, we have prepared ͑001͒-oriented FeCo/ MgO / FeCo MTJs with the oriented Cu/ IrMn buffer layers on Si͑001͒ wafer by sputtering deposition. By utilizing the wedge-shaped technique to optimize the oxidation condition at the FeCo/ MgO interface, we observed the maximum TMR of 84% in the MTJ with oriented Cu/ IrMn buffer layers without high temperature postannealing, whereas MTJs with nonoriented buffer layers show the maximum TMR of 47%. The high-resolution TEM image for MTJ with the oriented buffer layers shows FeCo͑001͓͒110͔ / MgO͑001͓͒100͔ / FeCo͑001͓͒110͔ orientation with excellent morphology and crystal coherency. Our results show that even for the sputter-deposited MTJ the high temperature postannealing can be avoided by using oriented buffer layers. 
